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ABSTRACT

The synthesis of a new deep cavitand partially bridged via disulfide bonds is described. Its thermodynamic and kinetic complexation parameters
are compared with those of an unbridged analogue. The disulfide bridges cause deviations in AH and AS but result in only small differences
in AG of complexation. The bridges increase the activation barrier for guest dissociation and lead to complexes with enhanced kinetic stability.

Deep cavitands are synthetic receptors that provide modern
vehicles for molecular recognition in physical organic and
analytical chemistry. The vaselike shape of deep cavitands
derived from resorcin[4]arene can be maintained by a seam
of cooperative intramolecular hydrogen bonds present on the
upper rim of the molecule,* by physicochemical conditions
(temperature, pH),? or even through covalent bridges.® The
dynamic properties of the latter led usto consider the effects
of extended covalent bridges connected in pairs on a deep
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cavitand® and we report here the synthesis and characteriza-
tion of such asystem. The cavitand is partially bridged using
disulfide bonds that offer an alternate mean of guest control
and new sites for attachment to solid surfaces.

The starting point is the well-known octanitro cavitand 1
bearing Cy; alkyl “feet” .2 Reduction of the nitro groups with
SnCl»2H,0 in a mixture of EtOH and concd HCI at reflux
gave the corresponding octaamine hydrochloride.

This intermediate was directly condensed with the
thioester imidate 2° in dry ethanol at reflux to afford the
tetrathioester cavitand 3. The yield of purified material
was 63% over two steps. The desired partially bridged
deep cavitand 5 could then be obtained from 3 by two
different pathways (Scheme 1).

In the first, the cleavage of the thioacetate groups was
accomplished with excess LiAlH, to prevent any oxidation
to disulfide bonds. After quenching with AcOH and purifica
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Scheme 1. Synthesis of the Partially Bridged Deep Cavitand 5
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tion, the tetrathiol cavitand 4 was obtained in 84% vyield.
Air oxidation of 4 (2 mM) was carried out in a mixture of
THF/H,0 (4/1)° and excess NaOH®’ with vigorous stirring
for 2 hin open air. Neutralization with AcOH and purifica-
tion gave compound 5 in 97% yield. Alternatively, a one-
step approach can be used for the cleavage of the thioacetate
groups of 3 and air oxidation of thiolsin situ, using NaOH.
After 24 h of vigorous stirring and workup as before, the
same cavitand 5 was obtained in 90% yield.®

The 'H NMR spectrum of cavitand 5 is compared with 4
in Figure 1. First, no trace of thiol remained in compound 5
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Figure 1. Partial *H NMR spectra (THF-dg/D,0 9/1, 300 K) of (a)
cavitand 4 and (b) cavitand 5 from the stepwise approach. The
lettering corresponds to the hydrogen assignments in Scheme 1.

(no CH,SH signal between 2.53—2.34 ppm) showing that
all thiols have been fully oxidized. Second, the chemical shift
of hydrogensHa (0pa = 2.88—2.59 ppm, broad singlet, THF-
dg/D,0 9/1) isin good accord with that of the corresponding
hydrogens in dibutyl disulfide (Ocpass = 2.66 ppm) in the
same mixture of deuterated solvents.® Finally, the HRMS-
ESI spectrum showed only the expected mass of 5, and the
MALDI-TOF spectrum showed no trace of oligomeric
Species.
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The structure of 5ismodeled in Figure 2a, along with the
isomer in which the disulfides span opposite wallsin Figure
2b. The latter - a carcerand® - while structurally feasible, is
inconsistent with the kinetic behavior of guests described
below.

Figure 2. Energy-minimized structures (Spartan, PM3) of (a)
cavitand 5 with a N-methylquinuclidinium 8 and (b) carcerand in
which the disulfides span opposite walls, with a THF molecule
inside the cavity.

The influence of the two covalent bridges on the recogni-
tion properties was determined by comparison of thermo-
dynamic and kinetic complexation parameters of 5 vs the
unbridged cavitand 3 for a series of guests (Figure 3). The
parameters K, and AG in Table 1 were determined by H
NMR at 300 K in DMSO-ds. Neutral guests 6a and 6b

+
6aR=CN
6b R =OH 7 8 ) 10 11
6c R = NHz* CI
6d R = NMes* I

Figure 3. Guests used for the recognition studiesin DM SO-dg with
both cavitands 3 and 5.
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Table 1. Thermodynamic Parameters K, and AG for Cavitands
3 and 5 with Guests 6a—d and 7—11 Determined by *H NMR
in DMSO-dg at 300 K?

K> M)

AG (kcal mol™1)

AAG (kcal mol™) =

guests 3 5 3 5 AG(5) — AG(3)

6a <5 <5
6b <5 <5
6¢ nd.‘ n.dc

6d< 697 1612 -3.9 —4.4 -0.5
7 <5 <5

8 1790 2817 —4.5 —4.7 -0.2
9 498 974 -3.7 —4.1 —-0.4
10 112 132 -2.8 -2.9 -0.1

11 n.d° n.d.*

a Cavitand concentration 1—3 mM. ° Errors are within 10% from an
average of at least three experiments. © Bound guest was not detected on
IH NMR spectrum, even with addition of alarge excess of guest. ¢ Reported
values of K, and AG were obtained from van't Hoff plots (see Figure 4)
and are similar to the ones obtained by *H NMR experiments at 300 K.

showed very low association constants (K, < 5 M~1) for both
cavitandsin this competing solvent. Guests offering cation—s
interactions were tested, but neither cavitand bound the
primary ammonium 6c¢. For the tertiary ammonium guest 7,
some binding was detected, but the corresponding association
constant was very low (K, < 5 M™1) with either cavitand.
According to the *H NMR and ROESY experiments, the
methine hydrogen of the guest is positioned deep in the
cavity; accordingly, the tertiary ammonium, near the upper
rim, cannot interact significantly with the aromatics of the
cavitand.
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Figure 4. Values of AG, AH, and —TAS at 300 K extracted from
van't Hoff plots of guests 6d and 9 with both cavitands 3 and 5in
DM SO-ds.

moiety, previously observed in water,’® was mainly attributed
to a solvation effect. In DM SO, primary ammoniums are
better solvated than secondary ones and so on.** Conse-
quently, it is more energetically costly to fully desolvate a
tertiary ammonium prior to its entry in the cavity than a
guaternary one; this correctly predicts a lower K, for guest
7 than 8, if not the specific orientation of 7. And guest 8 fits
into the bottom of the cavity better than does 7, so shape
complementarity also contributes. Nevertheless, the differ-
ence in counterions of the two guests must also be consid-
ered.’?

Finally, guest 11, bearing a ferrocene group, does not form
kinetically stable complexes with either cavitand in spite of
its quaternary ammonium. It is likely that the shape and
bulkiness of the ferrocene prevent the quaternary ammonium
from penetrating deep into the cavity.

The association constants are consistently higher with 5
than with 3 for al guests 6d and 8—10. The calculation of
AG from K, values at 300 K was used to determine the AAG
values:. these differences are quite small and vary from —0.1
to —0.5 kcal mol 2.

In addition, van't Hoff plots for guests 6d and 9 were used
to extract enthalpic and entropic effects, and values of AH
and —TASat 300 K are summarized in Figure 4. For guest
6d, the entropic term is decreased by —4.1 kcal mol™t in
cavitand 5 compared to 3 as anticipated for the presence of
covalent bridges, but an unfavorable increase of the enthalpic
term of +3.6 kcal mol~! was also observed in cavitand 5.
This may arise from deformations due to its covalent bridges
that prevent the collapse of the cavitand walls for optimal
cation-r interactions.® Similar and more pronounced varia-
tions were noticed for the smaller guest 9 with a favorable
decrease of the entropic term of —9.5 kcal mol™* and a
compensating unfavorable increase of the enthalpic term of
+9.1 kcal mol~* with cavitand 5 compared to 3. The causes
of these higher variations are less clear as the upfield regions
of the 'H NMR spectra of 9 with cavitands 3 and 5 show
quite different patterns of signals for the bound guest.® This
points to different orientations of binding that annul direct
comparisons. Nevertheless, for both guests, all of these
variations lead only to asmall decrease of AG in favor of 5,
which follows a trend frequently observed in entropy/
enthalpy compensation phenomena.*

The activation barriers for dissociation of guests AG* was
also studied through EXSY experimentsin DM SO-ds at 300
K for both 3 and 5 with guests 6d, 8, 9, and 10 (Table 2).
These barriers are consistently larger for 5 than 3, ranging
from +0.9 to +1.9 kcal mol 2. The covalent connectionsin

In contrast, a series of quaternary ammonium guests 6d,
8, 9, and 10 showed good &ffinity for both cavitands. NOESY
experiments indicated deeply positioned ammonium func-
tions for al of these guests. The increase in association
constants with the degree of alkylation of the ammonium
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Table 2. Activation Barriers for Dissociation of Both Cavitand
Complexes at 300 K in DMSO-ds Obtained from EXSY
Experiments and the Eyring Equation with k_;

AG* (kcal mol™)

AAG* (kcal mol™1) =

guests 3 5 AG* (5) — AG* (3)
6d 16.9 18.8 +1.9
8 16.5 18.2 +1.8
9 16.2 17.3 +1.1
10 15.8 16.6 +0.9

a Estimated error <0.1 kcal mol L.

5 must slow the unfolding of walls, a motion required to
reach the dissociation transition state.

In conclusion, anew type of constrained extended cavitand
has been synthesized via disulfide bond formation. The two
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covalent bridges have only a small influence on the stability
of the host—guest complexes but lead to more kinetic
stability. Potential applications of this extended cavitand are
underway and will be reported in due course.
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